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Abstract 
One of the main challenges in generating gear grinding is the determination of cutting forces due to their significant influence on the dynamics 
of the grinding process. Thus, optimizing the cutting forces can lead to an increased quality of ground gears and a minimized wear behavior of 
the grinding worm. Currently, the knowledge of the generating grinding process is limited and research is based mostly on empirical studies. A 
theoretical model which help to predict the cutting forces is missing. 
This paper presents an initial approach for calculating the complex contact conditions in generating gear grinding as well as cutting forces and 
key values to characterize the process. This approach gains more and more importance especially for large module gears, to reduce 
manufacturing costs. By means of the calculated forces, the manufacturing process can be optimized and the quality of the manufactured gear 
can be increased.  
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1. Introduction and challenge 
Gears are one key component of drivetrains and used in a 
continuously increasing quantity with improving quality. 
Generating gear grinding presents an economic process for 
finishing gears. This process is mainly used for large-scale 
production of gears with small or medium modules after case-
hardening [1]. Continuous generating gear grinding is a 
dominating hard-fine finishing process, especially in the field 
of automotive gears. 
Although continuous generating gear grinding is an 
industrially well-established process, only limited scientific 
knowledge of the process exists [2], [3], [4]. Amongst others, 
this is due to the complex contacting conditions. During the 
grinding process, several flanks of the workpiece are in mesh 
with the grinding worm. However, because of the kinematic 
coupling of tool and grinding worm, the number of contacting 
flanks is not constant but varies continuously. The left part of 
Fig. 1 illustrates the change in the contacting conditions 
during the process.  
For the upper drawing, the contact is distributed over four 
points, for the lower drawing only at three points contact 
occurs. Due to the contacting conditions for generating gear 
grinding, changing cutting forces as well as a changing 
application of the forces result which can lead to unfavorable 
process dynamics [4]. 
As a consequence, characteristic form deviations along the 
profile, as shown in the lower right corner of Fig. 1, are 
created. Therefore, one step in avoiding profile form 
deviations is calculating the occurring cutting forces and 
contact conditions for generating gear grinding. Here, 
knowing the expected cutting forces and their course over 
time is necessary for describing and optimizing the process. 
The cutting forces can be determined with the help of the 
material removed by the grinding worm [5], [6], [7]. 
However, so far no calculating methods have been published 
for obtaining the course of the cutting forces over time for 
generating gear grinding. 
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Fig. 1. Generating Gear Grinding 
2. State of the Art 
The generating gear grinding process uses a geometrically 
undefined cutting edge and is applied to hard-fine finishing 
external gears and pinion shafts. The size of generating 
ground gears is generally within the range of a module of 
mn = 0.5 mm to mn = 8 mm [8], [2]. The outside diameter of 
ground gears is usually in the range of da = 10 mm to 
da = 1000 mm. By using new machine concepts, the process 
can also be used for processing larger gears of modules larger 
than mn = 14 mm [9]. 
Generally, the cutting force Fc can be calculated for 
grinding processes by a vector sum of the cutting forces 
occurring at a single grain. In Fig. 2 the three components of 
the cutting force, tangential force, normal force and axial 
force are depicted for external cylindrical grinding. 
© WZL
Fig. 2. Manufacturing forces in face grinding 
The tangential force is applied tangentially to the grinding 
wheel diameter on the abrasive grain at the location of cutting 
[10], [6]. In many cases the tangential force allows 
conclusions about the wear conditions of the tool. If the 
tangential force is raised, this generally points to an increased 
application of energy to the tool [8]. 
The line of action of the axial force Fa is parallel to the 
rotational axis of the grinding wheel. The normal force Fn, 
which causes deformation of the machine and workpiece, is 
applied radially to the grinding wheel. The sharper the grains 
are, the lower is the normal force.  
The normal force for external cylindrical grinding can be 
calculated according to WERNER [6] by applying equation (1). 
In the process WERNER found out, that the normal force can 
be attributed to kinematic and geometrical characteristics. For 
reasons of better comparability between different processes, it 
has been proven to be advantageous to relate the force F'n to 
the width of the active profile of the grinding wheel bs,eff. This 
value is called the specific normal force F'n. 
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In addition to this basic formula, WERNER has developed 
an approximation for external cylindrical grinding by solving 
the integral and substituting the chip cross-section as well as 
the number of kinematic cutting edges by empirical values 
(equation (2)). 
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Based on (1) and (2), SALJE [11] and TÖNSHOFF [12] have 
developed further approaches for the calculation of cutting 
forces for several grinding processes. SALJE developed an 
approach for external cylindrical grinding and additionally an 
approach for internal cylindrical grinding. TÖNSHOFF 
expanded the approaches to influences caused by the cooling 
lubricant and grinding time. 
The most general of the presented approaches is the basic 
formula according to WERNER (1) [6]. Based on this formula, 
several approaches of force models have been developed [11], 
[12], because it appears to be the approach influenced by 
hardly any assumptions. 
3. Research Objective 
The state of current knowledge shows that the need for 
determining the cutting forces and the contacting conditions 
for generating gear grinding is evident. So far, the process 
parameters for industrial application of this manufacturing 
process are chosen on the basis of experience. Up to now, no 
scientific investigations exist on the complex correlation 
between the individual parameters, the dynamics of the 
process and the occurring cutting forces.  
Because of its high accuracy, flexibility and automation, a 
numerical approach was selected to calculate the local contact 
conditions. The selected approach was expanded and a force 
model was developed based on the results of a penetration 
calculation. For this, the calculation is supposed to be possible 
depending on various parameters, as for example module mn, 
number of teeth z, pressure angle Įn, helix angle ȕ or number 
of starts of the grinding worm z0. This paper presents results, 
which have been calculated in a numerical approach. In 
addition to the method, calculated forces and measured forces 
in trial investigations will be compared. 
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4. Numerical Calculation of the Local Contact Conditions 
Determining the local contact conditions for generating 
gear grinding is the basis for calculating the cutting forces in 
the approach presented in this paper. During the calculation of 
the contacting conditions not only the number and sequence 
of contacting points is calculated, but also the characteristics 
for evaluating the contact. The contact height, for example, is 
counted amongst these, but also the contact volume is 
necessary for calculating the cutting forces. For being able to 
conduct these calculations, efficient algorithms have to be 
found that permit a resolution as high as possible of both 
workpiece and grinding worm. For this, the results should be 
calculable preferably in a short time. These requirements are 
met by numerical approaches as currently applied in the WZL 
software KEGELSPAN, a simulation of bevel gear cutting [13], 
[14]. For this reason, this approach was selected and the 
program GEARGRIND3D was set up based on the numerical 
penetration calculation of KEGELSPAN. 
The numerical model is composed of three sections. Those 
sections are shown in Fig. 3. The first step of calculating 
consists of importing the input data and editing them for the 
simulation.  
© WZL
Fig. 3. Manufacturing analysis for generating gear grinding 
GEARGRIND3D 
The upper section of Fig. 3 shows the import of the data. A 
macro-geometrically defined surface of the grinding worm is 
needed for the numerical model. Additionally the soft-cut 
workpiece as a surface model and the process data for 
describing the process kinematics are needed. For this, a 
sufficient resolution of the tool’s and workpiece’s surface is 
of vital importance for approximating the surfaces as accurate 
as possible. 
After calculating the cross-section of tool and workpiece 
by applying penetration calculation algorithms, the process 
can be analyzed by means of technical characteristics. Fig. 3 
gives an overview of the output data at the bottom. A 
substantial output value is the geometry of the ground gear 
including feed marks as well as deviations due to 
manufacturing, for example flank twist and purposefully 
applied flank modifications. The ideal flank can be compared 
to the ground flank, so that deviations of the process can be 
visualized. Furthermore, data for additional computation with 
different programs, such as an FE-based tooth contact analysis 
[15] for example, can be exported. 
The contacting geometry and the sequence of contacts can 
be determined as well. The number and sequence of 
contacting points between grinding worm and tool is called 
the sequence of contacts. 
The result of the numerical cross-section calculation 
between tool and workpiece is the penetration geometry of 
both operating partners (workpiece and grinding worm) for 
any position of the rolling motion Ni. With the help of the 
process kinematics and generating coupling condition and 
regarding the process parameters, the period ǻt can be 
calculated during which the calculated contact volume was 
cut, equation (3) [1]. 
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The penetrated volume is confined by the cross-section of 
the tool AWZG and of the workpiece AWST. These surface areas 
can be calculated by the simulation. Furthermore, the height 
of the contact volume hk can be calculated directly for any 
point normal to the tooth flank. It is possible to calculate the 
cut volume through the height and the surface area. By 
choosing an appropriate cut, the contact length lk and contact 
width bk can be calculated for any single contact volume. A 
summary of the evaluation is shown in Fig. 4. 
All values can be evaluated for discrete rolling positions as 
well as mean, maximum or minimum values of the whole 
process. Here, the terms cutting thickness, length or width 
have not been used, since initially the simulation is a macro-
geometrical consideration of the contacting conditions. 
Besides the necessary data for calculating the cutting forces, 
further characteristics can be determined with the help of the 
process simulation program GEARGRIND3D for describing 
the grinding process [16]. 
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Fig. 4. Evaluation of the Numerical Analysis 
5. Calculation of the Grinding Forces 
Based on the calculation of the contact conditions 
presented before, the forces applied during cutting can be 
calculated. As presented before, the approach of equation (1) 
according to WERNER was selected. By approximating with 
the help of a series of sums, the integral can be solved. 
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In this way, the specific normal force can be calculated 
with the help of the empirically determined specific cutting 
force k as well as by summing up the products of the single 
chip cross-sections Acu and the number of kinematic cutting 
edges Nkin involved in the cutting process.  
However those values, do not result directly from the 
process simulation GEARGRIND3D. To calculate those 
micro-geometrical values, it is common to subdivide the 
simulation into a macro-scale simulation like presented before 
and a micro analysis [18; 17]. 
The cross-section Acu is determined as perpendicular to the 
direction of the cutting velocity. Therefore, a plane 
perpendicular to the direction of the cutting velocity has to be 
created and intersect the contact area. The direction of the 
cutting velocity vc is calculated directly through penetration 
calculation with the help of the kinematic relations between 
grinding worm and workpiece. The depiction in the middle of 
Fig. 5 shows the qualitative direction of the cutting velocity 
and the approximation of the chip cross-section on the contact 
volume. 
In addition, it is necessary to determine the specific cutting 
force k through grinding trials. Here, the specific cutting force 
varies depending on the chip thickness, the cutting speed and 
the applied materials as well as cooling lubricants [10], [6]. 
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Fig. 5. Determining Key Values for Calculating Cutting Forces 
Summing the product over the contact length leads to the 
value for the grinding normal force. With the help of the 
coefficient ȝ, the specific cutting force in direction of the 
cutting speed can be calculated. 
6. Simulation Results 
The presented method has been used to calculate the 
cutting forces for the generating gear grinding process. These 
calculated values are compared to measurement data 
generated in experiments by [19], [20], [21]. These 
experiments has been recalculated by the simulation software 
GEARGRIND3D. The software provides a specific normal 
force F'n for each rolling position and contact point. The gear 
data of the ground gear is shown in Table 1. 
 
 
 
 
Table 1. Gear data 
Parameter Symbol Value Unit 
Module mn 5.96 mm 
Number of teeth z 22 - 
Pressure angle Įn 20 ° 
Helix angle ȕ 0 ° 
Tip diameter da 153.35 mm 
Root form diameter dFf 124.95 mm 
Gear width b 15 mm 
Fig. 6 shows the analysis of the specific normal force of a 
selected test point for defined axial feed, grinding stock, 
cutting velocity and number of starts. The course of the force 
at the flank entering mesh is more homogeneous than on the 
flank leaving the mesh. These courses can be found in the 
calculated contact volume as well. One possible reason for 
this was  found in the differing chip formation mechanism and 
the varying contact conditions. 
The simulated forces in the start and end of contact of the 
grinding worm are low and increase in direction of the tip of 
the gear. During process, the maximum force is F'n Ĭ 75 N. 
For each rolling position the occurring forces are added by 
means of a vector sum to a total force per rolling position. Out 
of these values, a mean force for all rolling positions can be 
calculated. The mean value of the cutting forces of the 
exemplary gear of Fig. 6 is F'n Ĭ 54 N. This mean value is 
compared to force measurements in grinding trials and 
discussed. 
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Fig. 6. Local Analysis of the Cutting Forces 
In grinding trials for the presented gear, the influence of 
the axial feed, the cutting velocity the grinding stock and the 
number of starts have been determined. The results of these 
variations can be found in Fig. 7. In these four pictures, the 
measured values are marked with a dashed line and a filled 
marker. Simulated values can be recognized through the solid 
line and the filled marker. 
The chart in the upper left corner of Fig. 7 shows the 
influence of the axial feed on the cutting forces. During the 
trials, the axial feed has been varied between fa = 0.1 mm and 
fa = 0.5 mm. The results of the measurements show an 
increase of the force for higher axial feeds. Simulating this 
rise in feed with GEARGRIND3D shows the same result. The 
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force is increasing and correlates to the absolute value as well. 
This effect seems to be plausible as with higher feeds the 
cutting volume and cutting width per rolling position 
increases and thus the force too (equation (1)). 
The simulation results show that the contact length is not 
influenced by the axial feed. In the simulation, the specific 
cutting force has a value between k = 90 N/mm² and 
k = 15 N/mm², depending on the speeds. These values were 
determined in preliminary tests and correspond with values 
found in literature for other grinding processes [10], [6]. 
Because of the deviating kinematics and contact conditions, 
values for the specific cutting force have to be determined 
more precisely in further investigations. 
The chart in the upper right corner of Fig. 7 shows the 
measured and simulated forces for a variation of the cutting 
velocity vc. Here, the velocity is increasing from vc = 35 m/s 
over vc = 45 m/s to vc = 60 m/s with two axial feeds 
represented by the circular and rectangular marker type. 
Except for the combination vc = 45 m/s and fa = 0.2 mm, 
simulation and measurement show a good correlation. The 
simulated and measured forces decrease with increasing 
velocity for both axial feeds. One possible reason for this can 
be found in the decrease of the contact thickness for 
increasing cutting velocities. The contact width is increasing 
for higher cutting velocities but the contact volume is not 
influenced. 
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Fig. 7. Influence of the variation of process data in generating gear grinding 
Additionally, the influence of the grinding stock was 
analyzed (lower left chart in Fig. 7). The force measurement 
shows an approximately constant force for all grinding stocks. 
In the simulation, an increasing grinding stock leads to a 
higher contact thickness and volume which leads to a higher 
cutting force. This result has been detected in prior 
investigations [8] and appears to be plausible. 
7. Further Approach 
With the help of the introduced manufacturing simulation, 
it is possible to determine the cutting forces for generating 
gear grinding. These cutting forces are calculated by key 
values like contact thickness and contact volume. Using these 
values makes it possible to obtain a calculation method for 
further key values such as the specific material removal rate 
for generating gear grinding. 
Since the approach and the simulation are modular, they 
can easily be expanded to other processes such as profile 
grinding. Knowing the cutting forces for a specific process 
makes it easier to design the grinding process without causing 
high expenses. The processes can be optimized avoiding 
unintended profile form deviations which can be caused by 
inappropriate application of the forces or an unpropitious 
design of the grinding machine. 
To optimize the calculation of cutting forces for generating 
or profile gear grinding, a larger database for the specific 
cutting force has to be determined. Therefore, basic analyzes 
with common gear materials as well as grinding tool materials 
have to be realized. The gained knowledge has to be 
implemented in the method and verified in further grinding 
trials with a suitable measuring arrangement. 
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Acu Chip cross-section 
ae Working engagement  
AWST Contact surface of the gear 
AWZG Contact surface of the grinding worm 
b Gear width 
bk Contact width 
bs,eff Active profile of the grinding wheel 
c1 Static cutting edge desity 
da Tip diameter 
da0 Outside diameter of the grinding worm 
deq Equivalent diameter of the grinding worm 
dFf Root form diameter 
EHT Case hardening depth 
Fa Axial force 
fa Axial feed 
Fc Cutting force 
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ffĮ Profile form deviation 
Fk resulting force 
Fn  Normal force 
F´n Specific normal force 
Ft Tangential force 
hk Contact thickness 
i Counting parameter 
k specific cutting force 
Ks Constant for shape of cutting edge 
lk Contact length 
m Number of rolling positions 
mn Normal module 
Nkin kinematic grain count 
ns Speed of the grinding wheel 
nw Speed of the workpiece 
Q`w Specific material removal rate 
s length of contact 
vc Cutting speed 
Vw Cut volume 
z Number of teeth 
z0 Number of starts 
Įn Pressure angle of the gear 
Įn0 Pressure angle of the grinding worm 
ȕ Helix angle 
ǻs Grinding stock 
ǻȞ Increment of the rolling angle 
İ1,2,3,4 Coefficients of the force calculation 
ȝ Cutting force ratio 
Ȟ Rolling angle 
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